Dysregulation of epigenetic controls is associated with tumorigenesis in response to microenvironmental stimuli; however, the regulatory pathways involved in epigenetic dysfunction are largely unclear. We have determined that a critical epigenetic regulator, , is repressed by the ligand jagged1, which is secreted from the tumor stroma to promote a cancer-associated stem cell phenotype. Knockdown of miR-205 in mammary epithelial cells promoted epithelial-mesenchymal transition (EMT), disrupted epithelial cell polarity, and enhanced symmetric division to expand the stem cell population. Furthermore, miR-205-deficient mice spontaneously developed mammary lesions, while activation of miR-205 markedly diminished breast cancer stemness. These data provide evidence that links tumor microenvironment and microRNA-dependent regulation to disruption of epithelial polarity and aberrant mammary stem cell division, which in turn leads to an expansion of stem cell population and tumorigenesis. This study elucidates an important role for miR-205 in the regulation of mammary stem cell fate, suggesting a potential therapeutic target for limiting breast cancer genesis.
Introduction
Cancer stem cells, a subpopulation of cancer cells that have acquired the stemness properties associated with normal stem cells, are considered to be the genesis of cancer and account for cancer initiation, progression, and recurrence (1) . It has been shown that an enlarged cancer stem cell population is highly associated with tumor aggressiveness (2) and that, in response to microenvironmental stimuli, the cancer stem cell population can be expanded to drive cancer progression, potentially through dysregulation of genetic or epigenetic mechanisms (3) . Therefore, it is important to understand the key regulatory mechanism of cancer stemness and to develop effective therapeutic strategies to eradicate the genesis of cancer.
NOTCH signaling components are frequently upregulated in invasive breast cancer (4) . Upon interaction of the ligands (e.g., jagged1) with the NOTCH receptors, the intracellular domain of the NOTCH (NICD) is released from the cytoplasmic membrane to the nucleus through a cascade of proteolytic cleavage by the metalloprotease enzyme and γ-secretase, leading to transcriptional activation of the NOTCH target genes, such as HES1 (4) . The NOTCH ligand jagged1 is known to be overexpressed in tumor cells as well as in the tumor stroma, and jagged1 expression within the stem cell niche plays a role in nurturing the hematopoietic, hepatic, and neural stem/progenitor cells (5, 6) . Interestingly, a recent study also demonstrated that soluble jag-ged1 can be secreted from the tumor stroma to promote the cancer stem cell phenotype (7) . However, the regulatory mechanism by which jagged1 signaling modulates cancer stem cell phenotypes remains to be elucidated. micro-RNAs (miRNAs), small noncoding RNA molecules that suppress gene expression by interacting with the 3′ untranslated regions (3′ UTRs) of target messenger RNAs, regulate a myriad of biological processes, including the cell fate decision (8) . A previous study has reported that microRNA-205 (miR-205) is one of the most significantly downregulated miRNAs in human breast tumors compared with normal tissues (9) . Notably, low expression of miR-205 predicts a chemotherapy relapse in cancer patients who have triple-negative breast cancer (TNBC) (9) , where a high content of the cancer stem cell population is enriched. It is intriguing that emerging in vitro studies reveal complex roles of miR-205 as either a tumor suppressor or an oncogene, depending on different cell contexts (10) . Nonetheless, the role of miR-205 in breast cancer in vivo and the mechanism by which miR-205 is regulated during tumorigenesis still remain unclear.
This study reveals that jagged1, which was shown to be secreted by the tumor stroma (7) , promotes the stemness phenotype through downregulating miR-205. A feedback regulatory loop of NOTCH/ miR-205/ZEB1 signaling is uncovered as being critical for regulation of epithelial-mesenchymal transition (EMT) and polarity of stem cell division for maintaining the mammary epithelial homeostasis. Dysregulation of miR-205 expression leads to the mesenchymal phenotype, disrupted epithelial cell polarity, and expansion of the symmetrically self-renewing stem cell population, which further contribute to mammary tumorigenesis in vivo. Our findings elucidate a mechanism by which miR-205, serving as a master switch, coordinates the microenvironmental queue and its downstream signaling to control the tumor stem cell population, revealing important clinical implications for miR-205 in prediction and treatment of aggressive breast cancer by regulating tumor stemness.
Figure 1
The ligand jagged1 significantly represses miR-205 to promote EMT and stem cell phenotype. (A) Expression levels of the most significantly altered miRNAs in HMECs treated with 40 μM jagged1 or the control peptide for 1 day using genome-wide miRNA-PCR array (n = 3, *P < 0.03). ged1 signals from the stem/progenitor cell niche are critical for governing the cell fate decision (5, 6) . A recent study also revealed that soluble jagged1, which is secreted from the tumor stroma, interacts with membrane-bound NOTCH receptors to activate NOTCH signaling and promote the cancer stem cell phenotype (7) . To explore the potential epigenetic mechanism that could be involved in the regulation of this process, such as the miRNAs, we analyzed changes in the global miRNA expression profile in response to jagged1 treatment (active peptide mimicking the soluble jagged1 in ref. 7) using a genome-wide miRNA-PCR array consisting of 1,066 annotated miRNAs. miR-205 was identified as the most significantly downregulated miRNA (5.1-fold reduction, n = 3, P < 0.03) in the primary human mammary epithelial cells (HMEC) under jagged1 treatment ( Figure 1A) . Consistent with the result, the highest jagged1 expression was found persistently on the surface of human breast tumor cells that were in the proximity of the tumor-stroma junction region ( Figure 1B) , where miR-205 expression was significantly reduced ( Figure 1B and Table 1 ; n = 68, P = 0.0001). To further gain insight into the regulatory mechanism of miR-205, we analyzed, using promoter analysis, the response elements of transcription factors located within the 3-kb region upstream of the transcription start site of MIR205. We found 2 putative HES1 response elements located within the MIR205 promoter that had high consensus scores ( Figure 1C ; matrix similarity score > 0.9, score = 1 as a perfect match). Since HES1 is a transcription repressor and a prime target downstream of activated jagged1-NOTCH signaling, it is reasonable to speculate that jagged1 treatment downregulates miR-205 expression through HES1-mediated transcription repression.
Indeed, real-time PCR data suggest that jagged1 treatment could induce HES1 gene expression to downregulate miR-205 (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI73351DS1). miR-205 has also been shown to regulate EMT through inhibiting ZEB1 (11), a transcription repressor of the epithelial cell marker E-cadherin. Consistently, our data showed that jagged1 activated ZEB1 and repressed E-cadherin expression (CDH1), which was reversed by forced expression of miR-205 (Supplemental Figure 1A) . Moreover, knockdown (KD) of jagged1 gene expression using lentivirus-delivered shRNA (sh-JAG1) resulted in decreased HES1 expression, increased miR-205 expression, and a reduced level of ZEB1 (Supplemental Figure 1B) .
To further validate the direct association of HES1 with the MIR205 promoter, we performed ChIP analysis on both HES1binding elements within the MIR205 promoter region (elements A and B, Figure 1C ) using an antibody specifically against HES1. The ChIP results revealed that HES1 was more significantly bound to element A ( Figure 1D ). KD of HES1 markedly diminished the amount of DNA that could be immunoprecipitated by the HES1 antibody ( Figure 1D ), and the diminished DNA was accompanied by increased miR-205 expression and a reduced level of ZEB1 ( Figure 1E ). Together, these data suggest that HES1, activated by jagged1-NOTCH signaling, inhibits miR-205 expression through direct binding to the specific promoter element of MIR205.
Downregulation of miR-205 expands mammary stem cell and tumor stem cell populations. Additionally, we found that jagged1 treatment significantly promoted the stem cell/tumor stem cell population stained for CD24 -CD44 + , an established stem cell/tumor stem cell surface marker, in primary HMECs, MCF12A mammary epithelial cells, and human primary breast tumor cells (PT) (Supplemental Figure 1C ). We found that the percentage of the CD24 -CD44 + population was inversely correlated with the endogenous levels of miR-205 in these cell lines, and the enhancement of the CD24 -CD44 + population by jagged1 treatment was reversed upon reexpression of miR-205 (Supplemental Figure 1 , C and D). To further delineate the role of miR-205 in the regulation of stem cell properties, we stably knocked down miR-205 using lentivirus-delivered shRNA (sh-miR-205) in MCF12A mammary epithelial cells. Suppression of miR-205 converted the epithelial phenotype to the mesenchymal phenotype, which was accompanied by a significant increase in expression levels of mesenchymal markers ZEB1 and N-cadherin and a decrease in the expression of the epithelial marker E-cadherin ( Figure 1 , F-H). Furthermore, KD of miR-205 elevated the CD24 -CD44 + mammary stem cell population as well as the mammosphere formation ( Figure 1 , I and J) without inducing significant change in cell death or cell-cycle regulation (Supplemental Figure 1E ). Together, these data suggest that miR-205 is critical for maintenance of the differentiated epithelial phenotype. And repressed miR-205 expression, in response to microenvironmental stimuli such as jagged1, is able to induce EMT and promote the stemness phenotype in both mammary epithelial cells and breast cancer cells.
NOTCH2 is a bona fide miR-205 target involved in stemness and cancer. To inquire about the direct target or targets of miR-205 that may be involved in the regulation of stem cell properties and tumorigenesis, we collected miR-205 putative targets that were overlapping among 3 miRNA-target prediction databases (DIANSmT, miRand, Targetscan), followed by DAVID Annotation Bioinformatics Database analysis to generate 16 candidates that had functional annotations involved in cell differentiation as well as in cancer (Figure 2A ). Real-time PCR analysis was used to screen these candidates in the miR-205 KD cells compared with the control MCF12A cells. Among the 16 targets, only NOTCH2 and NOTCH4 showed significant elevation in response to the KD of miR-205 at the mRNA level (Supplemental Figure 2A ). Immunoblot analysis revealed that the protein expression of NOTCH2 (full length and NICD), but not NOTCH4, was consistently upregulated in miR-205 KD cells and downregulated in cells ectopically expressing miR-205 (Supplemental Figure 2 , B and C). To further validate that NOTCH2 is transcriptionally regulated by miR-205 through interaction of the complementary 3′ UTR region ( Figure 2B ), a luciferase reporter linked with 3′ UTR of NOTCH2 was used. Indeed, expression of miR-205 significantly decreased NOTCH2 luciferase activity, whereas a reporter mutated in NOTCH2-3′ UTR failed to respond to miR-205 expression ( Figure 2C ). Consistent with this observation, KD of miR-205 upregulated the protein level of NOTCH2 while ectopically expressing miR-205 downregulated NOTCH2 in MCF12A cells ( Figure 2D ). Similarly, NOTCH2 protein was significantly JAG1, jagged1; -, none-low expression, +, positive-high expression. n = 68, P = 0.0001.
reduced by reexpression of miR-205 in breast cancer cell lines (BT-549 and MDA-MB-231) ( Figure 2E ), where endogenous miR-205 was shown to be repressed (9) . Both NOTCH2 mRNA and protein were found to be highly expressed in the CD24 -CD44 + cell population, where miR-205 expression was reduced compared with the non-CD24 -CD44 + cell population isolated from PT ( Figure 2F ). Furthermore, jagged1 treatment significantly downregulated miR-205 while increasing NOTCH2 expression ( Figure 2G ). Together, these data suggest that NOTCH2 is a miR-205 target that may be functionally involved in stem cell properties.
NOTCH2 activation mediates induced EMT and stem cell properties caused by loss of miR-205. Previous gene expression microarray data demon-
strated that NOTCH2 is one of the most upregulated genes in a cancer stem cell-like population (12) and its protein expression is significantly enhanced in the pancreatic cancer cells that acquire EMT (13) . NOTCH activation has also been shown to target mouse mammary progenitor cells for expansion, leading to tumorigenesis (14) . Based on the evidence, we asked whether NOTCH2 mediates miR-205-regulated EMT and stem cell properties. We found that KD of NOTCH2 to block the activation of NOTCH2 in miR-205 KD cells could sig- Table 2 ). The enhancement of the EMT and stemness phenotype caused by miR-205 suppression could be reversed by KD of NOTCH2 as well as by treatment of a γ-secretase inhibitor (GSI) ( Figure 3 , D and E, and Supplemental Figure 3 , E and F). Together, these data suggest that NOTCH2 is a critical target that mediates miR-205-regulated stem cell properties in mammary epithelial cells and in breast cancer cells.
Loss of miR-205 leads to disrupted polarity and enhanced symmetric self renewal. Asymmetric division (AD) segregates cell fate determinants (e.g., Numb) exclusively into the daughter cells with specified cell fate, allowing only 1 daughter cell to maintain stem cell identity during stem cell division. However, studies have demonstrated that the stem cell pool can be expanded through self-renewing symmetric divisions (SDi), by which each stem cell produces 2 daughter cells with identical stem cell fate and proliferation potential at a time of wound repair or regeneration (15) .
It is known that disrupted apical-basal cell polarity can lead to aberrant (unpolarized) localization of cell fate determinants, which in turn contributes to increased frequency of SDi of tumor stem cells and the expansion of the tumor stem cells to drive mammary tumor progression in vivo (16) . Therefore, we asked whether miR-205 could affect cell polarity and consequent cell fate to regulate the stem cell population. Using a 3D Matrigel culture, we showed that loss of miR-205 in mammary epithelial cells led to enlarged, disorganized acinar formation with disrupted expression of the α 6 -integrin (basal polarity marker) and E-cadherin (epithelial marker) ( Figure 4 , A and B). Loss of miR-205 also significantly increased acinar luminal filling (as shown by the increased number of luminal nuclei vs. peripheral nuclei; Figure 4B ), manifesting a cancerous phenotype.
Next, we examined the effect of miR-205 in the polarity of stem cell division by analyzing the intracellular distribution of a cell fate determinant NUMB immediately after mitosis. A stem cell- enriched CD24 -CD44 hi population isolated from MCF12A cells stably expressing sh-miR-205 or the control vector was treated with blebbistatin, a small molecule that arrests cytokinesis to form a binucleated cell and that was used for studying symmetric versus asymmetric cell division (ref. 16 and Figure 4C ). We found that CD44 expression was lost in up to 48% of the dividing vector control cells that showed a uniform distribution of NUMB around the cell cortex of the binucleated cell ( Figure 4 , C, F, and G), suggesting that both of the progeny cells may share a symmetric cell fate in losing the stem cell identity (symmetric commitment [SC]). Another 45% of the control cells showed asymmetric distribution of CD44 and NUMB (AD), where NUMB was only localized to the CD44-negative progeny, but not to the stem celllike progeny expressing a high level of CD44 (Figure 4 , C, E, and G). Less than 7% of the control cells showed symmetric expression of CD44 along with a uniform distribution of NUMB in the binucleated cell, manifesting an SDi phenotype. Interestingly, this SDi phenotype was substantially enhanced upon suppression of miR-205 (7% to 45%; Figure 4 , C, D, and G). Consistently, reexpression of miR-205 in the CD24 -CD44 hi population isolated from the human PT led to a significantly reduced frequency of SDi compared with the control cells (62% vs. 14%; Supplemental Figure 4, A and B ). Together, these data suggest that loss of miR-205 may contribute to expansion of the stem cell/tumor stem cell population through promoting self-renewing SDi and that restoration of miR-205 could effectively diminish the cancer stemness by manipulating the stem cell fate.
Loss of miR-205 promotes SDi and self renewal through coordinated upregulation of ZEB1 and NOTCH2. To delineate the roles of NOTCH2 and ZEB1 in mediating miR-205-regulated stem cell division and cell fate, we knocked down NOTCH2 or ZEB1 expression in sh-miR-205-MCF12A cells using siRNA. Again, by analyzing the intracellular distribution of NUMB in the CD44 hi population, we found that suppression of NOTCH2 not only abolished the enhancement of the SDi phenotype caused by KD of miR-205, but promoted a predominant SC pattern ( Figure 5,  A and B) . Moreover, KD of miR-205 significantly upregulated expression levels of a cohort of stemness-related genes, including BMI1, MYC, NANOG, KLF4, OCT4, SOX2, and SOX9, and the enhancement of SOX9, NANOG, and KLF4 could be reversed upon suppression of NOTCH2 ( Figure 5D ). Consistently, enforced NOTCH2 expression reversed the effects of expression of miR-205, as shown by an enhancement of the SDi phenotype, accompanied by a substantial reduction of SC and increased expression of SOX9 and NANOG (Supplemental Figure 4 , C and E). Together, these data suggest that NOTCH2 may play a role in maintaining the stemness state of the stem cell population promoted by suppression of miR-205.
Furthermore, it was demonstrated that loss of polarity protein expression can disrupt asymmetric distribution of Numb and induce Drosophila neuroblasts to divide symmetrically, leading to transplantable tumors that resemble mammalian cancers (17) . Interestingly, in contrast with NOTCH2, we found that suppression of ZEB1 in the miR-205 KD stem cells switched the SDi phenotype to a predominant AD phenotype ( Figure 5, A and C) . Thus, we hypothesized that ZEB1, serving as a transcription repressor, may play a role in modulating asymmetric-symmetric cell division through transcriptional regulation of polarity protein expression. Indeed, our results showed that, among the polarity proteins that have been implicated in breast cancer (CRB3, DLG, LLGL1, LLGL2, SCRIB, PARD6A, PKCI) (18), KD of miR-205 significantly downregulated the gene expression of LLGL1 and LLGL2 (lethal 2 giant larvae homolog), which was rescued by a further KD of ZEB1 ( Figure 5E ). Consistently, enforced ZEB1 expression reversed the effects of expression of miR-205. as shown by an enhancement of the SDi phenotype, accompanied by a substantial reduction of AD and decreased expression of LLGL1 and LLGL2 (Supplemental Figure 4 , D and E).
The promoter analysis further revealed 2 putative ZEB1-binding elements located in the LLGL1 promoter (A1, B1) and another 2 elements located in the LLGL2 promoter (A2, B2) within a 2-kb region upstream of the transcription start site ( Supplemental Figure 5A) . ChIP analysis showed that ZEB1 was significantly associated with A1 and B2 elements of LLGL1 and LLGL2, respectively (Supplemental Figure 5B) , and the luciferase result validated that ZEB1 transcriptionally repressed LLGL1 and LLGL2 through binding to the specific promoter regions (Supplemental Figure 5C ). KD of LLGL1 and LLGL2 reduced the AD stem cell population, but markedly increased the SDi stem cells (Supplemental Figure 5D ), recapitulating the effects of KD of miR-205.
Furthermore, by serial mammosphere formation analysis, we showed that loss of miR-205 serially increased the number of mammospheres at each passage for 3 passages, potentially by promoting the self-renewing SDi. On the one hand, KD of NOTCH2 in miR-205-deficient cells substantially diminished sphere formation at each passage, suggesting an impairment of stemness maintenance, which leads to a significant reduction in the number of the primary sphere formation (P = 0.01) and continuing loss of stem cell population at each passage ( Figure 5F ). On the other hand, KD of ZEB1 in the miR-205-deficient cells led to a modest decrease in the number of the primary sphere formation (P = 0.05 as compared with the sh-miR-205 primary sphere), which was around the same number of secondary and tertiary spheres, suggesting an impairment in the SDi mechanism that failed to expand the stem cell pool; however, a constant stem cell population can still be maintained through AD at each passage ( Figure 5F ). Together, these data suggest that miR-205 plays a role in the polarity of stem cell division and cell fate through coordinated regulation of ZEB1 and NOTCH2.
Loss of miR-205 results in development of mammary premalignant and malignant lesions with increased EMT and stem cell properties in vivo.
To provide physiological evidence for miR-205 regulation of cancer stemness in vivo, we established mammary-specific miR-205 KD mice by delivering concentrated lentiviruses that stably expressed miR-205-shRNA or control shRNA (miR-205 sequence is identical in humans and mice) into the mammary epithelia of WT BALB/c Table 2 Transplanted mammary tumor formation in nude mice inoculated with the indicated number of PT cells expressing the control vector or miR-205 female mice (n = 10 mice/each group) via a well-established intramammary ductal injection technique (19) (20) (21) . In contrast to the characteristic ductal outgrowth of the whole-mount mammary glands transduced with the control virus, more than 90% of the miR-205 KD mammary glands exhibited increased ductal length, extensive side branching, enlarged alveolar buds ( Figure 6, A and  B) , and development of hyperplastic lesions with substantial fibrosis in 3 weeks (2% vs. 45%, Figure 6C ; 3% vs. 36%, Figure 6D ; collagen deposition as a marker of fibrosis is stained light blue in Figure 6D ). Interestingly, fibrosis is known to be associated with stemness phenotype in mouse mammary glands, potentially contributing to the occurrence of premalignant and malignant mammary lesions. Suppression of NOTCH signaling by GSI treatment can be an effective therapeutic agent for treating miR-205-deficient breast lesions, potentially by eliminating the cancer stemness. Loss of miR-205 is positively correlated with enhanced expression levels of NOTCH2 and ZEB1 in aggressive human breast tumors. To further strengthen the pathological correlation of miR-205-regulated signaling cascade in human breast cancer, we performed a correlation analysis of miR-205 expression with protein levels of ZEB1 as well as the newly identified target NOTCH2 in human breast cancer tissue microarrays consisting of 98 breast tumor samples. We found that, consistently, loss of miR-205 was positively correlated with an enhanced level of NOTCH2 ( Figure 7A and Table 3 ; n = 98, P = 0.003). Ninety-four cases of these breast cancer samples were further grouped into 3 breast cancer subtypes: luminal (A+B), HER2 + , and TNBC (4 cases did not belong to any of the subtypes). Our data revealed a very strong correlation between low/negative miR-205 breast cancer development, and accumulated evidence indicates that fibrogenic cells, such as myofibroblasts, can be induced from epithelial cells via EMT (22) . Similarly to the in vitro data, KD of miR-205 elevated the expression of NOTCH2 and ZEB1 along with a significant reduction in E-cadherin levels compared with the control mammary tissues ( Figure 6E ). Furthermore, loss of miR-205 led to an increased mouse mammary stem cell population marked by lin -CD24 + CD29 hi cells ( Figure 6F ). Notably, 3 months after virus introduction, approximately 60% of the miR-205 KD mammary glands started to display focal mammary carcinoma ( Figure 6G ; n = 10 mice/each group, P < 0.03), whereas no hyperplasia or tumor was observed in the control mice. Consistently, the tumor sphere formation was significantly enhanced by loss of miR-205, and the enhancement could be reversed by GSI treatment (Figure 6H ). To further understand whether GSI treatment could be therapeutically effective for the premalignant and malignant mammary lesions caused by loss of miR-205, we treated 2 groups of mammary-specific miR-205 KD mice along with the control mice with GSI (5 mg/kg) at 3 weeks (n = 5 mice) after virus introduction and also at 3 months (n = 5 mice) after virus introduction, when the miR-205 KD mammary glands started to display hyperplastic lesions and mammary carcinoma, respectively. Consistent with the in vitro observations, GSI treatment was able to revert both the premalignant and malignant phenotypes of the miR-205 KD mammary glands to a phenotype similar to the control glands, accompanied by diminished mammary carcinoma (Supplemental Figure 6 , A, C, and D), decreased mammary stem cell population, and also reduced tumor sphere formation (Supplemental Figure 6, B and E) . Together, these data suggest that loss of miR-205 results in enhanced EMT and Furthermore, similar to our observation with miR-205, it was shown that p53 regulated the polarity of cell division in mouse mammary stem cells, and loss of p53 led to uniform redistribution of NUMB around the cell cortex of the dividing stem cell, increased the replicative potential of the mammospheres, and enhanced the frequency of SDi (16) . Although the mechanism by which p53 regulates SDi was not elucidated, we think that miR-205-regulated signaling may play a role in the process, as a recent study suggests that miR-205 was implicated as a direct transcription target of p53 (29) .
A recent finding also illustrated a cooperative relationship between a stemness-related transcription factor SOX9 and an EMT-related transcription factor SLUG, which is required to convert mammary epithelial cells to mammary stem cells, as SLUG alone, although activating a robust EMT program, failed to induce mammary stem cells from differentiated luminal cells (30) . It is well known that both SLUG and ZEB1 are critical transcription factors involved in the EMT process; more interestingly, our data revealed that SOX9 expression could be regulated by miR-205-NOTCH2 signaling ( Figure 5A ), and other reports have also shown that SOX9 is a NOTCH target gene (31) . Together, these data would support the notion that loss of miR-205 coordinately activates the signaling cascades and targets (e.g., ZEB1, NOTCH2) that are essential for induction of EMT and reprogramming of the cell fate.
Methods
Cell culture and treatment. Immortal normal mammary epithelial cells, MCF12A, and breast cancer cell lines MDA-MB231 and BT549 were purchased from ATCC. Primary breast tumor cells (freshly isolated from grades II-III ductal carcinoma) were purchased from Promab Inc. MCF12A cells were grown in DMEM-F12 medium supplemented with 5% horse serum, EGF (20 ng/ml), insulin (10 μg/ml), cholera toxin (1 ng/ml), hydrocortisone, and gentamycin (Sigma-Aldrich). MDA-MB231 and BT549 cells were cultured with DMEM supplemented with 10% FBS, penicillin (50 U/ml), and streptomycin (50 U/ml). Primary HMECs were cultured in MEGM Mammary Epithelial Cell Growth Medium (Lonza Inc.). For the jagged1 treatment, cells were treated expression (P = 0.0003) and high NOTCH2 expression (P = 0.0001) with the TNBC subtype ( Figure 7B and Table 4 ). In contrast, high miR-205 expression and low/negative NOTCH2 expression were positively correlated with the luminal subtype; no correlation was found to HER2 + breast cancer ( Figure 7B and Table 4 ). Furthermore, miR-205 expression (P = 0.00001) was most significantly reduced in the poorly differentiated high-grade tumors where JAG1 (P = 0.003), ZEB1 (P = 0.01), and NOTCH2 (P = 0.03) were also most highly expressed ( Figure 7B and Table 5 ). Interestingly, it has been shown that high-grade tumors and TNBCs are often enriched in abundant tumor stem cell populations (2) , which is consistent with our findings that dysregulated miR-205 signaling not only functionally links to tumor stem cell traits, but is highly correlated with aggressiveness and poor differentiation in breast cancer.
Discussion
Emerging evidence shows that the machinery controlling cell polarity and AD has an evolutionarily conserved role in the regulation of tumorigenesis. A previous study proposed that in the WT neuroblasts, with Numb acting as a conserved inhibitor of Notch signaling, coordinated balance of the polarity proteins, including LGL, ensured asymmetric segregation of Numb into the progenitor cell with specified cell fate, where Numb sufficiently antagonized Notch signaling. However, in the Lgl mutant, redistribution of NUMB in the cortex of the symmetrically dividing neuroblasts potentially led to insufficient Numb to block the Notch activity in both of the progenitor cells and thereby dampened the proper differentiation (23) . These findings together with our data suggest an intricate regulatory network that links cell polarity and cell fate decision, both of which could be controlled by miR-205 in order to maintain the homeostasis of the differentiated epithelial cell population versus the stem cell population in response to microenvironmental stimuli (e.g., jagged1), providing important implications for tissue regeneration and cancer (Figure 8 ).
Despite the report by Greene et al. (24) demonstrating that miR-205 expression increases the mouse mammary stem/progenitor population, the study was mostly based on examination of the Sca1 + cells isolated from 1 mouse mammary epithelial cell line, COMMA-DβGeo. The results actually contradicted those of other studies (25, 26) , which showed that Sca1 + cells from the primary mouse mammary epithelial cells could not retain stem cell/ progenitor activity, nor did they enrich the CD29 hi CD24 + mouse mammary stem cell population. Additionally, Sca1 + cells are luminal (estrogen receptor positive) (27) , which may represent a different population from the cells that harbor EMT and CD24 -CD44 + stem cell phenotype (basal like) as shown in our study (28) . Figure 1B ; Abcam 1:100 for fulllength JAG1 in Figure 7B ), and anti-NOTCH2 (Cell Signaling, 1:2000) . The histological grading and pathological annotation (tumor grade and subtype) were provided by the pathologists at Pantomics. Detection of the antibody signal was performed with the LSAB2 System-HRP (K0672; Dako) and the liquid DAB+ Substrate Chromogen System (K3468; Dako) according to the manufacturer's instructions. In situ hybridization was performed using the miR-205 probe from Exiqon (miRCURY LNA Detection Probe; 5′-DIG-labeled). Detection of the probe was carried out using digoxigenin antibody (Abcam ab420, 1:200), LSAB2 System-HRP (K0672, Dako), and the liquid DAB+ Substrate Chromogen System (K3468, Dako) according to the manufacturer's instructions. Cell nuclei were counterstained with Mayer's hematoxylin stain. The correlation between miR-205 and ZEB1 and NOTCH2 was analyzed using the χ 2 test. Trichrome staining was performed as described previously (32) . Quantitation of the trichrome-positive area was performed by ImageJ analysis (http://imagej.nih.gov/ij/). with 40 μM of jagged1 active peptide or control peptide (Anaspec) for 24 hours. For the NOTCH inhibitor GSI treatment, 5 μM γ-Secretase Inhibitor IX (DAPT, N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-S-phenylglycine-t-Butyl Ester; EMD Millipore) or DMSO was used. miR-205 precursor, miR-205 antagomir, and negative control oligos (50 nmole) were purchased from Ambion. siRNAs (200 pmole) targeting NOTCH2 and ZEB1 were from Santa Cruz Biotechnology Inc. Transfection of miR-205 oligos as well as the above siRNAs was performed by Lipofectamine 2000 following the manufacturer's instructions.
Plasmid construction. Lentiviral constructs of miR-205 precursor (pMIR-205), miR-205 inhibitor (pMIRZIP-205), and the control vectors (pCDH, pMIR, and pMIRZIP) were purchased from System Biosciences. The EGFP fragment was removed from the pMIRZIP vector so that pMIRZIP-205 only carried the puromycin resistance cassette for selection of stably infected cells. To generate pCDH-miR-205-puro expression plasmid, miR-205 precursor fragment from pMIR-205 was subcloned into pCDH-puro. NOTCH2-3′ UTR luciferase construct was purchased from Switchgear Genomics, and PCR-based site-directed mutagenesis (Stratagene) was used to generate the 3′ UTR mutant. All of these constructs were verified by DNA sequencing.
Generation of stably expressed and KD cell lines. Lentiviral infection was performed as described previously (8) . Briefly, pCDH-puro, pCDH-miR-205-puro, pMIRZIP-puro, or pMIRZIP-205-puro was cotransfected with the third generation of lentiviral packaging plasmids: pMDLg-pRRE, PRSV-Rev, and PMD2G into 293T cells by Lipofectamine 2000 following the manufacturer's instructions. At 24 and 48 hours after transfection, culture medium was harvested and subsequently incubated with target Figure 8 miR-205 coordinately regulates NOTCH2 and ZEB1 to control stem cell self renewal and SD. (A and B) A proposed model illustrating that jagged1-NOTCH signaling downregulates miR-205 and loss of miR-205 promotes self renewal and SD through constitutive activation of NOTCH2 and ZEB1, leading to expansion of stem cell and tumor stem cell populations. cytometry staining, and culture of primary spheres. For in vivo treatment, mice were treated with 5 mg/kg GSI (γ-secretase Inhibitor IX; Calbiochem) or DMSO via intraperitoneal injection every other day for 2 weeks at the indicated time points. The treatment regimen was designed based on previous studies (33) (34) (35) .
Mammary gland whole mount. Dissected mouse mammary glands were placed into tissue cassettes and fixed overnight in 10% neutral buffered formalin. Mammary glands for whole mount were defatted in acetone, hydrated in ethanol, and stained with Mayer's hematoxylin stain. Tissues were then destained and cleared in xylene and stored in methyl salicylate until photographed. To clearly exhibit the mammary ductal network, carmine alum dye (07070, Stem Cell Technologies) was used for staining of mammary glands according to the manufacturer's instructions.
Mammary xenograft tumor. Mammary fat pads of female nude mice were inoculated with the indicated number of cells from human PT for a total volume of 100 μl per injection site. After 12 weeks, all of the tumors were calculated and animals were sacrificed.
Statistics. All data are presented as mean ± SD. Statistical calculations were performed with Microsoft Excel analysis tools. Differences between individual groups were analyzed by paired, 2-tailed t test. P < 0.05 was considered statistically significant. Genome-wide microRNA PCR array analysis was performed according to the manufacturer's instructions (SABiosciences). χ 2 Analyses for tumor samples were performed as described previously (8) .
Accession numbers. All original microarray data were deposited in the NCBI's Gene Expression Omnibus database (GSE56801).
Study approval. All experimental procedures were conducted with the approval of the Purdue Institutional Review Board and the Purdue Animal Care and Use Committee. All surgical procedures and animal manipulations were performed under the regulations of the Purdue Animal Care and Use Committee.
